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ABSTRACT
Using the IRAM 30m telescope we have obtained seven new, deep CO J(1−0) and
J(2−1) observations of low surface brightness (LSB) galaxies. Five of the galaxies
have no CO detected to extremely low limits (0.1 – 0.4 K km s−1 at J(1−0)), while
two of the galaxies, UGC 01922 and UGC 12289, have clear detections in both line
transitions. When these observations are combined with all previous CO observations
taken of LSB systems, we compile a total of 34 observations, in which only 3 galaxies
have had detections of their molecular gas. Comparing the LSB galaxies with and
without CO detections to a sample of high surface brightness (HSB) galaxies with CO
observations indicates that it is primarily the low density of baryonic matter within LSB
galaxies which is causing their low CO fluxes. Finally, we note that one of the massive
LSB galaxies studied in this project, UGC 06968 (a Malin-1 ‘cousin’), has upper limits
placed on both MH2 and MH2/MHI which are 10–20 times lower than the lowest values
found for any galaxy (LSB or HSB) with similar global properties. This may be due to
an extremely low temperature and metallicity within UGC 06968, or simply due to the
CO distribution within the galaxy being too diffuse to be detected by the IRAM beam.
Subject headings: Galaxies: CO,H2 — Galaxies: ISM — Galaxies: low surface brightness —
Galaxies: spiral — Galaxies: evolution
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1. Introduction
Despite more than a decade of study, the
star formation processes within low surface
brightness (LSB) galaxies remain enigmatic.
The general properties of LSB galaxies – blue
colors, high gas mass-to-luminosity ratios,
and low metallicities – lead to the conclu-
sion that LSB systems are under-evolved com-
pared to their high surface brightness (HSB)
counterparts. When combined with the low
gas density (typically ρHI ≤ 10
21 cm−2) and
low baryonic-to-dark matter content typical of
LSB systems, the question can be raised not
of why LSB galaxies are under-evolved, but
instead of how LSB systems ever form stars at
all (Burkholder, Impey, & Sprayberry 2001;
O’Neil, Bothun, & Schombert 2000; Bergvall,
et.al 1999; de Blok & van der Hulst 1998;
Roennback & Bergvall 1995; McGaugh 1994;
van der Hulst, et.al 1993; Davies, Phillipps, &
Disney 1990).
One of the primary methods for study-
ing the star formation rate and efficiency in
galaxies is through study of the galaxies’ ISM.
One mechanism for studying a galaxy’s ISM
is through observing its CO content. Numer-
ous attempts have been made looking for CO
in LSB systems without success (Braine, Her-
pin, & Radford 2000; de Blok & van der Hulst
1998; Schombert, et.al 1990). If CO is as
good a tracer of H2 in LSB galaxies as it is
in many HSB systems, the failures in detect-
ing CO would imply a lack of molecular gas
within LSB galaxies. Alternatively, the previ-
ous non-detections could be a result of a CO-
to-H2 ratio which is different in LSB systems
than in, e.g. the Milky Way. However, with-
out any CO detections within LSB systems
discerning between the two possibilities is dif-
ficult, if not impossible.
Recently our group made the first CO de-
1Work done while at California Institute of Tech-
nology
tection in an LSB galaxy ([OBC97] P06-1)
(O’Neil, Hofner, & Schinnerer 2000). Signif-
icant though this detection is, knowing the
molecular content of one galaxy is not enough
to permit an understanding of the star for-
mation within LSB systems as a whole. Em-
boldened by the success of our earlier survey,
and wishing to obtain a larger sample of CO
measurements within LSB galaxies, we have
observed another set of seven LSB galaxies
with the IRAM 30m telescope to look for the
CO J(1 − 0) and J(2 − 1) lines. The results
of our survey are presented here. In order to
understand better the molecular properties of
LSB galaxies as a whole, we also include the
results of all previously published CO observa-
tions of LSB systems and compare the molec-
ular properties of LSB galaxies with those of
similar HSB systems.
A Hubble constant of H0=75 km s
−1
Mpc−1 is assumed throughout this paper.
2. Observations
2.1. CO
Based off previous observations of CO in
LSB galaxies, we chose to look for evidence
of molecular gas in LSB systems similar to
the global properties of [OBC97] P06-1, the
one LSB galaxy with a CO detection (O’Neil,
Hofner, & Schinnerer 2000). Comparing the
properties of P06-1 with the other LSB galax-
ies observed at CO, it is clear that P06-1
is one of the more massive systems studied
(log(MHI/M⊙) = 10, W20 = 460 km s
−1– Ta-
ble 2), and also one whose optical spectra
indicates some nuclear activity (Section 3.2).
With this in mind, we chose to focus the ob-
servations on massive LSB systems, some with
and some without AGN/LINER characteris-
tics. The galaxies for this sample were cho-
sen from three separate sources – the massive
LSB galaxy catalog of O’Neil, et.al (2003), the
AGN LSB list provided in Schombert (1998)
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Table 1
Sources Observed in CO
Name RA DEC Int. Time σ1−0rms σ
2−1
rms Res.† Set-up‡
[J2000] [J2000] [min] [mK] [km s−1] [mK]
UGC 01922 02:27:46.01 28:12:30.3 730 0.7 0.8 33 B
[OBC97] C04-1 08:24:33.19 21:27:07.8 310 1.1 2.5 33 B
[OBC97] N09-2 10:20:25.01 28:13:40.9 440 1.2 2.0 26 A
UGC 06968 11:58:44.63 28:17:23.2 690 0.5 1.5 33 B
UGC 12289 22:59:41.59 24:04:28.5 360 0.9 1.0 33 B
[OBC97] P05-6 23:21:46.97 09:02:28.5 640 0.7 1.3 26 A
[OBC97] P07-1 23:22:58.87 07:40:26.7 480 0.9 1.2 26 A
Note.—†Smoothed resolution used for data analysis.
‡See Section 2.1 for a description of the backend set-ups.
of LSB galaxies with AGN/LINER cores, and
the LSB galaxy catalog of O’Neil, Bothun, &
Schombert (2000). A full list of the galax-
ies observed and their properties are given in
Tables 1 and 2, and the results of the obser-
vations are given in Table 3. The resultant
spectra are shown in Figures 1 and 2.
The CO J(1–0) and J(2–1) rotational tran-
sitions were observed with the IRAM 30m
telescope in the period from 25-28 May, 2001.
Table 1 lists the adopted positions (deter-
mined using the digitized Palomar sky sur-
vey plates and accurate to 2-3′′) and helio-
centric velocities (adopted from the published
values obtained from 21-cm HI observations)
for our target sources. The beams were cen-
tered on the nucleus of each galaxy. Pointing
and focus were checked every hour and point-
ing was found to be better than 5′′. For each
source both transitions were observed simul-
taneously with two receivers. Two different
setups were used for the filterbanks, depend-
ing upon the known HI line widths of the in-
dividual galaxy. For those galaxies known to
have HI line widths less than 300 km s−1 both
receivers used a 256 channel filterbank with
channel width of 3 MHz (667 km s−1 band-
width, 2.6 km s−1 resolution at 3mm) – setup
A. For the sources which are known to have
wider HI lines the 1mm lines used a 512 chan-
nel filter bank with 1 MHz channels for each
polarizations, while the 3mm line used the
auto-correlator with 512 MHz bandwidth and
1MHz channels (1331 km s−1 bandwidth, 2.6
km s−1 resolution at 3mm) – setup B. Table 1
gives the set-up used for the individual galax-
ies. The FWHM of the IRAM beam is 22′′
and 11′′ for the 3mm and 1mm beams, re-
spectively.
All observations used the wobbling sec-
ondary with the maximal beam throw of 240′′.
The image side band rejection ratios were
measured to be > 30dB for the 3mm SIS
receivers and > 12dB for the 1.3mm SIS
receivers. The data were calibrated using
the standard chopper wheel technique (Kut-
ner & Ulich 1981) and are reported in main
beam brightness temperature TMB. Typical
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Fig. 1.— IRAM 30m CO J(1−0) and J(2−1)
spectra for UGC 01922 (left) and UGC 12289
(right), the two galaxies in this survey with
detectable amounts of molecular gas. The
data have been smoothed to a resolution of
34 km s−1. The horizontal bars indicate the
extent of the observed (uncorrected) H I ve-
locity widths (at 20% the peak HI intensity).
system temperatures during the observations
were 170–190K and 350–450K in the 3mm
and 1.3mm band, respectively. All data re-
duction was done using CLASS – the Contin-
uum and Line Analysis Single-dish Software
developed by the Observatoire de Grenoble
and IRAM (Buisson, et.al 2002).
2.2. Optical Spectra
In order to further explore the properties
of the studied galaxies’ nuclear regions (where
the IRAM beam was centered), optical spec-
tra of the nuclei of a sample of LSB galax-
ies which have been observed in CO were
taken with the Palomar Observatory 5m tele-
scope2 in October 2000 (the [OBC97] galax-
ies) and November 2001 (the UGC galaxies).
The observations used the Double Spectro-
graph with both the blue and red cameras.
The long slit (2′) was used and set to a 2”
aperture during all observations. Both cam-
eras are 1024×1024 TEK CCD cameras, giv-
2Observations at the Palomar Observatory were made
as a part of the cooperative agreement between Cornell
University and the California Institute of Technology
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Fig. 2.— IRAM 30m CO J(1−0) and J(2−1)
spectra for the five galaxies in our survey for
which we derived only upper limits on the CO
line strengths. The data have been smoothed
to a resolution of 34 km s−1. The horizon-
tal bars indicate the extent of the observed
(uncorrected) H I velocity widths (at 20% the
peak HI intensity).
ing 3.37A˚ pixel−1/0.624′′ pixel−1 and 2.48A˚
pixel−1/0.48′′ pixel−1 for the blue and red
cameras, respectively. As the blue CCD has
moderate focusing problems across the full
wavelength range, the blue focus was opti-
mized for [O III]λ3727.
During the October 2000 run a 5500A˚
dichroic filter was used to split the light to
the blue and red CCD cameras. A 316 lines
mm−1 diffraction grating (blazed at 7150A˚)
was used for the red camera and the 300 lines
mm−1 diffraction grating (blazed at 3990A˚)
was used for the blue camera during this run.
In November 2001 the 5200 A˚ dichroic filter
was used with the 600 lines mm−1 diffraction
grating (blazed at 3780A˚) on the blue camera
and the 316 lines mm−1 diffraction grating
(blazed at 7150A˚) on the red camera. The
seeing averaged between 1.5 – 2.1′′ for the
observations.
Table 2
Known Properties of All LSB Galaxies Observed at CO
Name Type µB(0) B
a
T
Da B−V i log(LFIR
L⊙
)b log(MHI
M⊙
) vHI
HEL
wHI
20cor
c
[mag arcsec−2] [mag] [kpc] [◦] [km s−1] [km s−1]
Detections – This Paper
UGC 01922 S?1 · · · d -19.8 59 · · · 382 10.6 10.333 108943 11203
UGC 12289 Sd1 23.34 -19.7 57 · · · 222 10.7 10.133 101603 4883
Previous Detection
[OBC97] P06-1 Sd5 23.26 -18.6 29 0.97 706 <10.2 9.875 108825 4585
Non-Detections – This Paper
[OBC97] P07-1 Sc5 23.36 -16.3 16 · · · 756 <9.4 8.215 34715 875
[OBC97] N09-2 Im5 23.56 -16.2 13 0.87 476 <9.7 10.035 77465 1615
[OBC97] P05-6 Sbc5 23.46 -16.5 17 0.77 756 <9.3 9.245 36675 3805
[OBC97] C04-1 Im5 23.46 -17.3 14 0.57 396 <9.9 9.745 79055 4195
UGC 06968 Sc1 · · · d -21.1 48 1.08 712 <9.8 10.309 82329 5749
Previous Non-Detections
LSBC D575-05 dI10 (22.5)e -12.2 2.0 · · · 6011 <7.2 7.4712 41912 2712
LSBC F571-V2 Im13 · · · · · · 3.3 · · · 3710 <7.8 8.0614 95514 5314
LSBC F638-3 Sm15 · · · -16.4 6.1 · · · 4611 <8.9 8.8815 316015 5815
LSBC F583-5 Sm10 23.516 -14.7 24 0.616 6516 <8.9 9.1117 326117 2817
LSBC F651-2 dI15 · · · -15.5 4.9 · · · 4611 <8.3 8.7315 178915 7015
LSBC F721-1 Sdm15 · · · -18.9 17 · · · 4111 <9.7 9.5215 721015 9815
LSBC F571-V1 Im15 24.018 -15.9 20 0.418 3518 <9.5 9.0715 571915 11315
[OBC97] P05-5 Im5 24.46 -14.5 5.7 1.27 496 <9.1 7.785 31776 946
LSBC F636-1 Sm(r)15 · · · -17.5 13 · · · 5211 <9.3 9.2715 430215 9515
LSBC F562-V2 S:10 · · · -18.1 12 · · · 2010 <9.4 9.5915 633015 15615
LSBC F563-V1 Im15 23.418 -15.8 6.1 0.618 6018 <9.3 8.7315 393115 9015
LSBC F561-1 Sm15 23.218 -17.5 19 0.518 2418 <9.4 8.8115 481015 16015
LSBC F574-10 Sm10 · · · -12.8 3.0 · · · 7210 <7.8 8.2315 86315 8615
LSBC F585-V1 dI15 23.416 -13.7 3.1 · · · 4115 <8.5 8.1113 198513 12613
[OBC97] C04-2 Im5 24.06 -16.5 13 1.37 676 <9.5 8.825 51685 1115
LSBC F563-V2 Irr15 22.016 -17.3 15 0.516 4016 <9.2 9.3115 431115 18415
LSBC F563-1 Im15 23.618 -16.6 14 0.918 2518 <9.0 9.0414 349514 25214
LSBC F571-5 Sm15 23.718 -16.0 17 0.318 2618 <9.3 9.2415 425315 26015
[OBC97] C05-3 Im5 23.96 -17.3 20 1.37 516 <10.0 9.415 129405 1675
LSBC F585-3 Sm15 · · · -16.5 13 · · · 7410 <9.0 9.2013 310013 15413
LSBC F568-V1 Sc15 23.218 -17.2 16 0.618 4018 <9.5 9.3915 576815 24915
LSBC F583-1 Sm/Irr15 24.119 -15.914 8.8 · · · 6319 <8.7 9.1815 226415 18115
LSBC F582-V1 Ring10 · · · -18.0 9.1 · · · 2010 <10.0 9.8515 1169515 35615
LSBC F564-V2 Im15 · · · · · · 9.5 · · · 2910 <9.0 8.9113 306013 35813
LSBC F582-2 Sbc15 · · · · · · 41 · · · 6610 <9.6 9.9915 704315 31015
Malin 1 S20 26.420 -21.420 240 0.920 2020 <11.0 10.620 2473320 71020
Note.— aUnless otherwise noted magnitudes and diameters are taken from NED, the NASA Extragalactic Database. bFIR lumi-
nosities are given by log(LFIR) = 46.73 + 2log[z(1 + z)] + log[2.58f60 + f100] where f60 and f100 are in Jy and LFIR is in erg
s−1. Fluxes were obtained from the Infrared Astronomical Satellite (IRAS) data. cVelocity widths are corrected for inclination using
wHI
20corr
= wHI
20
/sin i. To avoid over-correcting the velocity widths, the smallest inclination value used for the purpose of correcting
the velocity widths is 30◦. dThe classification of this galaxy as an LSB galaxy is from Schombert (1998). eThe reported central surface
brightness is through the V (not B) band (Pildis, Schombert, & Eder 1997).
References.— 1 Schombert (1998); 2 Nilson (1973); 3 Giovanelli & Haynes (1985); 4 Data taken with the Pine Mountain Observatory
telescope. PMO is operated by the University of Oregon Physics Department with help from the Friends of Pine Mountain Observatory.
Image obtained courtesy of G. Bothun.; 5 O’Neil, Bothun, & Schombert (2000); 6 O’Neil, Bothun, & Cornell (1997a); 7 O’Neil, et.al
(1997b); 8 Boselli & Gavazzi (1994); 9 Gavazzi (1987); 10 Schombert & Bothun (1988); 11 Garnier, et.al (1996); 12 Eder & Schombert
(2000); 13 Schombert, et.al (1990); 14 de Blok, McGaugh, & van der Hulst (1996); 15 Schombert, et.al (1992); 16 McGaugh & Bothun
(1994); 17 Huchtmeier, Karachentsev, Karachentseva (2000); 18 de Blok, van der Hulst & Bothun (1995); 19 de Blok & McGaugh (1997);
20 Impey & Bothun (1989)
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Table 3
CO Properties of All LSB Galaxies Observed at CO
Galaxy Line
∫
TMBdv† vHEL Width log(MH2/M⊙)‡ MH2/MHI
[K km s−1] [km s−1] [km s−1]
UGC 01922 1−0 1.38 10795 404 9.2 0.07
UGC 01922 2−1 2.96 10802 403 8.9 0.04
UGC 12289 1−0 1.16 10162 200 9.0 0.07
UGC 12289 2−1 0.69 10185 201 8.2 0.01
Previous Detection
[OBC97] P06-11 1−0 0.95 10904 302 8.8 0.09
[OBC97] P06-11 2−1 1.14 10903 216 8.3 0.03
Non-detections - This Paper
[OBC97] P07-1 1−0 <0.13 · · · · · · <7.0 <0.006
[OBC97] P07-1 2−1 <0.032 · · · · · · <5.7 <0.003
[OBC97] N09-2 1−0 <0.18 · · · · · · <7.8 <0.006
[OBC97] N09-2 2−1 <0.33 · · · · · · <7.5 <0.003
[OBC97] P05-6 1−0 <0.22 · · · · · · <7.2 <0.009
[OBC97] P05-6 2−1 <0.39 · · · · · · <6.9 <0.005
[OBC97] C04-1 1−0 <0.37 · · · · · · <8.1 <0.02
[OBC97] C04-1 2−1 <0.88 · · · · · · <7.9 <0.01
UGC 06968 1−0 <0.21 · · · · · · <7.9 <0.004
UGC 06968 2−1 <0.58 · · · · · · <7.8 <0.003
Previous Non-Detections
LSBC F575-32 1−0 <0.14 · · · · · · <6.1 <0.05
LSBC F571-V22 1−0 <0.19 · · · · · · <7.0 <0.09
LSBC F638-32 1−0 <0.22 · · · · · · <8.1 <0.2
LSBC F583-52 1−0 <1.20 · · · · · · <7.9 <0.07
LSBC F651-22 1−0 <0.22 · · · · · · <7.6 <0.08
LSBC F721-12 1−0 <0.19 · · · · · · <8.7 <0.2
LSBC F571-V13 2−1 <0.20 · · · · · · <7.6 <0.2
[OBC97] P05-51 1−0 <0.12 · · · · · · <7.6 <0.7
[OBC97] P05-51 2−1 <0.21 · · · · · · <7.3 <0.3
LSBC F636-12 1−0 <0.30 · · · · · · <8.5 <0.2
LSBC F562-V22 1−0 <0.33 · · · · · · <8.9 <0.2
LSBC F563-V13 2−1 <0.28 · · · · · · <7.4 <0.2
LSBC F561-11 1−0 <0.93 · · · · · · <8.3 <0.2
LSBC F574-102 1−0 <0.46 · · · · · · <7.3 <0.1
LSBC F585-V12 1−0 <1.17 · · · · · · <7.7 <0.2
[OBC97] C04-21 1−0 <0.096 · · · · · · <7.2 <0.02
LSBC F563-V22 1−0 <0.42 · · · · · · <8.6 <0.2
LSBC F563-1 2 1−0 <0.53 · · · · · · <8.0 <0.05
LSBC F571-52 1−0 <0.35 · · · · · · <8.5 <0.2
[OBC97] C05-31 1−0 <0.14 · · · · · · <8.1 <0.05
LSBC F585-32 1−0 <0.66 · · · · · · <8.1 <0.04
LSBC F568-V13 2−1 <0.19 · · · · · · <7.7 <0.05
LSBC F583-12 1−0 <0.49 · · · · · · <8.1 <0.08
LSBC F582-V12 1−0 <0.47 · · · · · · <9.5 <0.4
LSBC F564-V21 1−0 <0.70 · · · · · · <8.2 <0.1
LSBC F582-22 1−0 <0.54 · · · · · · <9.2 <0.2
Malin 14 1−0 <0.15 · · · · · · <9.4 <0.06
Malin 14 2−1 <0.35 · · · · · · <8.7 <0.01
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Table 3—Continued
Galaxy Line
∫
TMBdv† vHEL Width log(MH2/M⊙)‡ MH2/MHI
[K km s−1] [km s−1] [km s−1]
Note.—†Non-detection limits are ICO < 3TMB
v
20
HI√
N
(N = the number of channels,
TMB is the 1σ rms main beam temperature).
‡As described in Section 3, conversion to MH2 was done using N(H2)/
∫
T(CO)dv =
3.6× 1020 cm−2/(K km s−1)
References.—1O’Neil, Hofner, & Schinnerer (2000); 2Schombert, et.al (1990); 3de
Blok & van der Hulst (1998); 4Braine, Herpin, & Radford (2000)
Table 4
Observed Optical Lines
Galaxy Hβ O II [λ3727] Ca II(K) [λ3934] H7+Ca II(H) [λ3969] G band [λ4306]
EW flux EW flux EW flux EW flux EW flux
[OBC97] C04-2 8.0 2.9 27 12 · · · · · · · · · · · · · · · · · ·
[OBC97] P05-5 · · · · · · · · · · · · · · · · · · · · · · · · · · · · · ·
[OBC97] P05-6 · · · · · · 9.0 9.1 · · · · · · · · · · · · · · · · · ·
[OBC97] P06-1 -4.0 -3.4 4.1 3.7 -8.2 -6.1 -12 -8.8 · · · · · ·
UGC 01922 3.2 19 9.0 16 -8.8 -13 -6.1 -11 -4.2 -25
UGC 12289 · · · · · · · · · · · · -8.3 -3.2 -8.1 -3.5 -5.3 -3.4
Note.—All errors are within 15%. EW is in A˚. Flux is in units of 10−16 erg s−1 cm−2 A˚−1. Values reported
as negative are in absorption.
Table 4
Observed Optical Lines, cont
Galaxy Na I [λλ5889,5895] Hα [λ6563] N II [λλ6548,6583] S II [λλ6717,6731] c
EW flux EW flux EW flux EW flux
[OBC97] C04-2 · · · · · · 40. 13. 6.0 2.1 20. 7.0 0.52
[OBC97] P05-5 · · · · · · 3.7 0.63 · · · · · · 1.8 0.30 · · ·
[OBC97] P05-6 · · · · · · 11. 8.5 · · · · · · 2.9 1.9 · · ·
[OBC97] P06-1 -2.5 -3.6 3.1 5.5 2.1 3.8 2.7 6.2 · · ·
UGC 01922 -4.8 -41 91. 120 130 170 140 190 0.36
UGC 12289 -3.3 -5.4 4.5 6.7 6.2 11. 2.0 2.9 · · ·
Note.—All errors are within 15%. EW is in A˚. Flux is in units of 10−16 erg s−1 cm−2 A˚−1. Values
reported as negative are in absorption. The reddening coefficient c=1.28E(B−V ). Note that if no reddening
coefficient is given, the data is uncorrected for Extragalactic extinction.
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The galaxies were acquired through blind
offsets from nearby stars. Positions were ob-
tained through a combination of both the
HST Guide Star Catalog and the second
generation Palomar Survey Data. Based
off the studies of van Zee, et.al (1998) off-
sets were kept to less than 20′ and guide
stars were chosen to have mB<11 to in-
sure accurate offsets and guiding. To reduce
light losses due to atmospheric refraction,
the slit position angle was set close to the
parallactic angle during observations. The
slits were placed across the nucleus of each
galaxy. The integration times were 1200s
per frame. The total (on source) observing
times were 120, 260, 220, 300, 80, and 120
minutes for [OBC97] C04-2, [OBC97] P05-5,
[OBC97] P05-6, [OBC97] P06-1, UGC 01922,
and UGC 12289, respectively.
The standard IRAF data reduction pro-
cedures as outlined in, e.g. van Zee, et.al
(1998), were followed. Each frame individu-
ally underwent bias subtraction and flatfield-
ing. Frames of the same source and taken
on the same night were median combined.
The resultant image then underwent sky sub-
traction and wavelength and photometric cal-
ibration. Images of the same object taken
at different times were then combined (using
IRAF’s SCOMBINE procedure), and extinc-
tion and foreground reddenning due to our
Galaxy was corrected. Wavelength calibra-
tion was obtained by observation of arc lamps
taken before and after each galaxy observa-
tion. A hollow cathode (FeAr) lamp was used
to calibrate the blue wavelengths, and a HeN-
eAr lamp was used to calibrate the red cam-
era. Flux calibration was obtained by obser-
vation of a minimum two standard stars each
night (Oke & Gunn 1983; Oke 1990; Massey,
et.al 1988). Extinction correction was done
based off the KPNO extinction table given
for IRAF’s ONEDSPEC routine. Galactic ex-
tinction was corrected for using the redden-
Fig. 3.— Uncorrected optical spectra taken
by the Palomar 5m telescope for a sample
of LSB galaxies with studied CO properties.
The diagonal lines mark the boundary where
the dichroic filter transmission falls by ≥20%
for each camera and the data should not be
trusted within that region. The three LSB
galaxies with detected CO emission are on
the left, while three LSB galaxies with no de-
tectable molecular gas are on the right. Note
that the underlying shape of UGC 01922’s
spectra is likely due to SN1987s which oc-
curred approximately 40′′ from the galaxy’s
center (O’Neil & Schinnerer 2003).
ing law of Seaton (1979) as parameterized by
Howarth (1983). Values for AB and E(B-V)
are from Schlegel, Finkbeiner, & Davis (1998)
and were obtained using NED (the NASA Ex-
tragalactic Database)3.
Errors were determined as follows. Flux
calibration errors, due primarily to differences
in the standard star calibrations, were con-
3NED is operated by the Jet Propulsion Laboratory,
California Institute of Technology, under contract with
NASA.
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Fig. 4.— Blow-up on the [O I], [N II], Hα,
and [S II] region of the optical spectra. As in
Figure 3, the three LSB galaxies with detected
CO emission are on the left, while three LSB
galaxies with no detectable molecular gas are
on the right.
sistently less than 10%. The r.m.s. errors
varied with wavelength across the spectra due
to CCD response, calibration lamp accuracy,
etc. Rms errors were determined through tak-
ing into account the Poisson noise of the line,
the error associated with the sensitivity func-
tion, read noise, and sky noise. Note that
no error was assumed for the effects of the
assumed Balmer absorption or the reddening
coefficient.
Results from the optical observations are
shown in Figures 3 and 4 and Table 4.
3. Results
3.1. CO Observations
The results of our CO observations are
given in Table 3 and Figures 1 and 2. Of
the seven galaxies observed for this project,
CO was detected in only two – UGC 01922
and UGC 12289. Both detected galaxies have
clear (5–6σ) detections in the J(1–0) line and
a ≥4σ detection in the J(2–1) line. After
smoothing to 34 km s−1 channel−1, the ob-
served main beam brightness temperature was
3.4±0.7/7.3±0.8 mK and 5.8±0.9/3.5±1.0
mK for the J(1–0)/J(2–1) lines of UGC 01922
and UGC 12289, respectively. The galax-
ies have fluxes of 1.38±0.30/2.96±0.32 K
km s−1 and 1.16±0.27/0.69±0.23 K km s−1
for UGC 01922 and UGC 12289, respectively.
(Errors for the flux are computed from the
r.m.s. error of the main beam brightness tem-
perature and an assumed 34 km s−1 error for
the velocity width.)
The 3σ non-detection limits for the five
galaxies without CO detections range between
1.5 – 3.6 mK. These detection limits are simi-
lar to those found by O’Neil, Hofner, & Schin-
nerer (2000), and are a factor of 6-7 times
smaller than the CO studies on LSB galax-
ies done by both de Blok & van der Hulst
(1998) and Schombert, et.al (1990). The in-
tegrated flux limits, though, are only slightly
smaller than those in the de Blok & van der
Hulst (1998) study due to smaller total mass
(narrower velocity widths) of their sample.
The apparent optical diameters of the
galaxies in this study range from 0.4′ – 2.8′
(Table 2), while the beam size of the IRAM
telescope is 11′′ and 22′′ for the J(2–1) and
J(1–0) lines, respectively. Using 2.6-mm CO
observations of more than 200 high surface
brightness (HSB) spiral galaxies, Young, et.al
(1995) found the average extent of CO gas
in the studied galaxies are one-half the op-
tical radius. If this trend holds true for
LSB galaxies, it would indicate the IRAM
beam enclosed the entire (potential) reser-
voir of CO gas only for [OBC97] N09-2, while
the other galaxies had 50% (UGC 12289,
[OBC97] P07-1, [OBC97] P05-6) and 35%
(UGC 01922, UGC 06968) of their poten-
tial CO radius enclosed by the J(1–0) beam.
However, a recently obtained synthesis map
of the CO J(1−0) emission of UGC 01922
obtained with the Owens Valley Radio Ob-
servatory millimeter-wavelength array shows
Young, et.al’s findings may not be applica-
ble to LSB systems. Approximately 65% of
the flux found with the IRAM 30m telescope
was detected at OVRO within a ∼10′′ disk.
This shows that at least in UGC 01922 the
CO emission is dominated by a brighter com-
pact nuclear region (which would readily fall
within the IRAM beam), rather than consist-
ing solely of a large-scale diffuse (low surface
density) disk.
The integrated CO flux (or upper lim-
its) of the observed galaxies were converted
into an H2 mass by assuming a value of
N(H2)/
∫
T(CO)dv = 3.6 × 1020 cm−2/(K km s−1)
adopted from Sanders, et.al (1986). It has of-
ten been argued that the CO↔ H2 conversion
factor (X) varies with ISM density structure,
metallicity and H I column density (Mihos,
Spaans, & McGaugh 1999; Isreal 1997; Wil-
son 1995; Maloney & Black 1998). If this is
the case, then the X factor used in our calcula-
tions could be low by as much as a factor of 10
(Mihos, Spaans, & McGaugh 1999). Regard-
less, to allow for a ready comparison between
the objects, the X factor used for our data
analysis is the same as that used in both all
previous LSB galaxy CO studies as well as in
all other CO studies discussed in this paper.
Errors due to this assumption are discussed
later in this paper (Section 5).
3.2. Optical Spectra
Looking at both Table 4 and Figure 3, the
spectra appear to fall into two categories –
systems containing both a significant number
of absorption lines as well as high [N II/Hα]
ratios, and those spectra devoid of absorption
lines and containing [N II/Hα] ratios typical
of a younger stellar population. Significantly,
this breaking of the optical spectra into two
distinct groups coincides with the detection
(or lack thereof) of molecular gas in the galax-
ies. That is, the three galaxies which have
detectable amounts of CO also have optical
spectra indicative of an older stellar popula-
tion with a potential AGN/LINER core, while
the galaxies without any discernable molecu-
lar gas appear to have a young overall stel-
lar age with no indication of any high-energy
star-formation activity within the galaxies’
cores. Note that the underlying shape of UGC
01922’s spectra is likely due to SN1987s which
occurred approximately 40′′ from the galaxy’s
center (O’Neil & Schinnerer 2003).
4. Comparison with Other Galaxies
Combining all CO observations taken of
LSB galaxies provides us with a compendium
of 34 galaxies, three of which have been de-
tected at both CO J(1–0) and J(2–1). Al-
though this is by no means a statistically com-
plete sample, it is enough to at least try and
understand the molecular gas content within
these enigmatic systems.
4.1. Finding CO in LSB Galaxies
In Tables 2 and 3 we compile a list of the
global properties of all LSB galaxies which
have (published) CO observations. Look-
ing through the tables it can be seen that
the galaxies with CO detections (“CO LSB
galaxies”) are not distinguished from the non-
detections (“non-CO LSB galaxies”) by their
morphological type, central surface bright-
ness, inclinations, or color (in the one case
of a CO LSB galaxies with a measured B−V
color). The only distinguishing feature among
the CO LSB galaxies is an apparent higher-
than-average size and mass. That is, the abso-
lute magnitudes, H I gas mass, optical diame-
ter, and total mass (as defined by the inclina-
tion corrected velocity widths) are on average
considerably higher for the CO LSB galaxies
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Fig. 5.— Absolute (B) magnitude versus
H2 mass (left) and the H2-to-H I mass ra-
tio (right). The red symbols are LSB galax-
ies from this survey, the green symbols are
LSB galaxy measurements from previous sur-
veys (O’Neil, et.al 2003; Braine, Herpin, &
Radford 2000; de Blok & van der Hulst 1998;
Schombert, et.al 1990), the blue symbols are
from the Matthews & Gao (2001) study of CO
in extreme late-type spiral galaxies, and the
black symbols are taken from various studies
of the CO content in HSB spiral galaxies (Ca-
soli, et.al 1996; Boselli, et.al 1996; Tacconi &
Young 1987). Note that the two LSB galaxy
detections from this survey are overlapping in
the figure on the right. An arrow indicates
only an upper limit was found. Both Malin 1
and UGC 06968, the two massive LSB galax-
ies discussed in Section 5.3, are labelled on
these plots.
than for the non-CO LSB galaxies (Figures 5
& 6).
A second factor which sets the CO LSB
galaxies apart the majority of the non-
detections is the presence of an extremely
active central region (e.g. LINER/AGN).
Eight LSB galaxies have both CO observa-
tions and optical spectra taken across the
galaxy’s core. (The two optical spectra not
given in this paper can be found in Schombert
(1998) – UGC 06968, and Braine, Herpin, &
Radford (2000) – Malin 1.) Out of these,
all three of the CO LSB galaxies have high
N II/Hα line ratios, while only two of the five
non-CO LSB galaxies (UGC 06968 and Ma-
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Fig. 6.— Inclination corrected H I velocity
widths versus H2 mass (left) and the H2-to-H I
mass ratio (right). The red symbols are LSB
galaxies from this survey, the green symbols
are LSB galaxy measurements from previous
surveys (O’Neil, et.al 2003; Braine, Herpin, &
Radford 2000; de Blok & van der Hulst 1998;
Schombert, et.al 1990), the blue symbols are
from the Matthews & Gao (2001) study of CO
in extreme late-type spiral galaxies, and the
black symbols are taken from various studies
of the CO content in HSB spiral galaxies (Ca-
soli, et.al 1996; Boselli, et.al 1996; Tacconi &
Young 1987). An arrow indicates only an up-
per limit was found. Both Malin 1 and UGC
06968, the two massive LSB galaxies discussed
in Section 5.3, are labelled on these plots.
lin 1) show this. Additionally, both of the
CO LSB galaxies covered by 2MASS4 have
entries in the 2MASS extended source catalog
(UGC 01922: J=11.60±0.02, H=10.80±0.02,
Ks=10.47±0.02; UGC 12289: J=13.30±0.05,
H=12.60±0.06, Ks=12,24±0.07), while only
two of the remaining 27 non-CO LSB galax-
ies covered by published 2MASS data are
in the catalog (UGC 06968: J=12.45±0.02,
H=11.69±0.02, Ks=11.50±0.03; Malin 1:
J=14.54±0.06, H=13.83±0.08, Ks=13.7±0.1).
Combined, these results sugggest the CO LSB
42MASS, the Two Micron All Sky Survey is a joint
project of the University of Massachusetts and the In-
frared Processing and Analysis Center/California In-
stitute of Technology, funded by the National Aero-
nautics and Space Administration and the National
Science Foundation.
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galaxies have more active nuclear regions than
the non-CO LSB galaxies.
LSB galaxies with detectable quantities of
CO appear to have both high masses/sizes
and more active nuclear regions than the non-
CO LSB systems. Yet even the combination of
these two quantities does not guarantee that
an LSB system will be detectable in CO. Both
UGC 06968 and (of course) Malin 1 have ve-
locity widths and absolute magnitudes to ri-
val those of the three CO LSB galaxies and
similar optical spectra, yet neither of these
two galaxies have detectable quantities of CO
to very low limits (
∫
CO(1−0)TMBdv <0.21,
0.15 K km s−1 and log(MH2/M⊙) <7.9, 9.4
for UGC 06968 and Malin 1, respectively).
As a result, although it would appear that
having a high mass and active nucleus raises
the probability of an LSB galaxy containing
a detectable amount of CO, high mass by no
means guarantees a galaxy will have sufficient
CO content for detection.
4.2. Comparing the Molecular Gas
Content of LSB and HSB Galax-
ies
Figures 5 – 8 compare the results from
this and all other LSB galaxy CO stud-
ies with a sample of measurements from a
variety of other galaxy studies. These in-
clude ‘standard’ HSB disk galaxy studies
(Boselli, et.al 1996; Casoli, et.al 1996), dwarf
galaxy studies (Tacconi & Young 1987), and
a study of extreme late-type spiral galax-
ies (Matthews & Gao 2001). In all cases a
conversion factor of N(H2)/
∫
T(CO)dv =
3.6 × 1020 cm−2/(K km s−1) was used to
allow ready comparison between the results.
In all the CO non-detections in our survey,
the upper limits placed on MH2/LB are sig-
nificantly lower than the upper limits found
in previous LSB galaxy CO studies. However,
examining the various plots (Figures 5 – 8)
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Fig. 7.— Infrared luminosity versus H2 mass
(left) and the H2-to-H I mass ratio (right).
The red symbols are LSB galaxies from this
survey, the green symbols are LSB galaxy
measurements from previous surveys (O’Neil,
et.al 2003; Braine, Herpin, & Radford 2000;
de Blok & van der Hulst 1998; Schombert,
et.al 1990), the blue symbols are from the
Matthews & Gao (2001) study of CO in ex-
treme late-type spiral galaxies, and the black
symbols are taken from various studies of
the CO content in HSB spiral galaxies (Ca-
soli, et.al 1996; Boselli, et.al 1996; Tacconi &
Young 1987). An arrow indicates only an up-
per limit was found. Note that only the upper
limits of LIR were found for the LSB galaxies.
Both Malin 1 and UGC 06968, the two mas-
sive LSB galaxies discussed in Section 5.3, are
labelled on these plots.
one can see that in the majority of cases the
upper limits placed on MH2 and MH2/MHI in
LSB galaxies are not unreasonably low when
compared to the trends seen in the majority
of other spiral galaxy studies. That is, al-
though the LSB galaxies typically lie at the
low MH2 and MH2/MHI end of the spectrum,
the range of the data seen in the plots of MH2
and MH2/MHI versus MB , W
cor
20 , LFIR and
morphological type for the HSB and dwarf
galaxies covers the data points from the ma-
jority of the LSB galaxies. The three CO LSB
galaxies also have MH2 and MH2/MHI values
within the HSB galaxy range, but again lying
at the low edge of the MH2 and MH2/MHI
distribution as defined by HSB galaxies.
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There are, though, two exceptions to this
rule – UGC 06968 and Malin 1. Both have up-
per limits on MH2 and MH2/M⊙ well below
that of other galaxies with the same veloc-
ity width, magnitude, and/or morphological
type (Figures 5, 6, and 8). It is interesting to
note that these galaxies are the only two LSB
systems with masses and luminosities rival-
ing that of the three LSB galaxies with CO
detections, as well as having similar optical
emission lines and near-IR emission. These
galaxies are further discussed in Section 5.3.
5. Star Formation and Molecular Gas
in LSB Systems
5.1. Theories on the Efficacy of Form-
ing Molecular Gas in LSB Galax-
ies
The previous lack of CO detection in LSB
galaxies has been attributed to a number of
different factors. One argument used to ex-
plain the low molecular gas content in LSB
galaxies springs from the low metallicities
commonly associated with LSB disks (de Blok
& van der Hulst 1998; McGaugh 1994). Low
metallicities mean there will be a lack of dust
grains to drive molecule formation, result-
ing in a low molecular-to-atomic gas ratio.
Additionally, the dust grains provide shield-
ing against the interstellar radiation field for
the H2 and CO molecules, again reducing the
amount of molecular gas within the galax-
ies. Finally, as the CO molecule more readily
photodissociates, the lack of dust grains will
result in a lower CO-to-H2 ratio and thus a
higher CO-to-H2 conversion factor (O’Neil,
Hofner, & Schinnerer 2000; Mihos, Spaans,
& McGaugh 1999; de Blok & van der Hulst
1998; Schombert, et.al 1990).
An alternative scenario used to explain
the low CO fluxes found for LSB galaxies
is to impose a truncated initial mass func-
tion (IMF) on a constant star formation rate
(SFR) within LSB systems (Schombert, et.al
1990). This SFR could be adjusted to match
the estimated amount of H2 seen in LSB
galaxies. Additionally, the IMF would have to
be skewed to produce a high fraction of A and
F stars and relatively few O and B stars. This
would result in a reduction of the heavy ele-
ment yield during the star formation process,
lowering the overall molecular gas content of
LSB galaxies.
Braine, Herpin, & Radford (2000) offered
the argument that, at least within the en-
vironment of Malin 1 (and presumably sim-
ilar LSB galaxies), the effects of metallicity
on the CO-to-H2 conversion factor are not
enough to raise the molecular gas content to
the amount expected based off the predicted
SFR. Instead, they argue that the gas (and
dust) in Malin 1 is so cold as to reduce the
CO emission from molecular clouds to a rate
much less than that of our galactic disk. This
would considerably reduce the CO emission
per H2 mass and, when combined with the
metallicity effects, could be used to explain
the low upper limit placed on the CO flux.
A final argument often invoked to explain
the previous lack of CO detection within LSB
galaxies results from the low baryonic column
densities found within these systems (O’Neil,
Hofner, & Schinnerer 2000; Mihos, Spaans,
& McGaugh 1999; de Blok & van der Hulst
1998; Schombert, et.al 1990). First, the low
dust column densities will, as mentioned ear-
lier, result in a deficit of dust grains to act as
a catalyst in the conversion of H I into H2.
Secondly, the diffuse ISM will result in less
shielding against UV photons. Lastly, the low
column densities result in a low overall SFR,
reducing the metallicity of the system, with
the effects mentioned above.
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5.2. Comparing the Results with the
Theories
For the first time we have available a cata-
log of over 30 CO measurements of LSB galax-
ies, including three detections. As a result
we can compare the properties of the CO and
non-CO LSB galaxies with the various theo-
ries given in the last section with the hope
of understanding better the processes which
govern molecular gas within LSB systems.
In Section 4.2 we determined that the fac-
tors which differentiate the CO LSB galaxies
and the majority of the non-CO LSB galax-
ies are the galaxies’ sizes, masses, and central
bulges. (The two notable exceptions to this
rule, UGC 06968 and Malin 1, will be dis-
cussed in the next subsection.) It seems likely
that the presence of a central bulge within
LSB galaxies is directly tied to the mass of
the systems – the more massive a galaxy is,
the larger its gravitational potential, and the
more likely it will have a central mass concen-
tration. This supposition is borne out with
observation, as the majority of LSB galaxies
known with MB < −19 have bulges (Spray-
berry, et.al 1995; Pickering, et.al 1997). The
fact that the more massive LSB systems have
a centrally concentrated region of high bary-
onic density means that within these galax-
ies’ core the majority of arguments govern-
ing low CO and/or molecular gas content in
the low density environment of LSB disks do
not hold. Instead the central regions of these
galaxies should undergo a similar star forma-
tion history to the core of a ‘typical’ HSB
spiral galaxy, albeit with a slower gas infall
rate. This idea is confirmed by the optical
spectra we obtained of the three LSB galax-
ies with and without detected CO emission,
as the three CO LSB galaxies have optical
spectra indicative of a much older stellar pop-
ulation than is found for the three non-CO
galaxies.
However, even including the three LSB
galaxies with CO detections, it is clear that
the CO content of LSB galaxies is lower than
that found in an ‘average’ HSB spiral galaxy.
That is, although both the measured values
and upper limits show the CO content of LSB
galaxies lie within the range set by HSB galax-
ies, the LSB systems lie on the low end of
the HSB galaxy distribution range, but not
so low as to set the LSB galaxies apart. Go-
ing through the possibilities laid out in Sec-
tion 5.1, it seems clear that the explanation
for the lower CO fluxes found in LSB systems
is directly related to the overall lower density
intrinsic to LSBs. Within the pure disk LSB
galaxies it is probable that the low upper lim-
its placed on the CO flux is due both to a lower
than average molecular gas content and to a
CO-to-H2 conversion factor which is higher
than that found within, e.g. the Milky Way.
Similarly, the lower CO fluxes found within
the bulges of the more massive LSB galaxies
are likely due to an low infall rate of gas feed-
ing the star formation processes within the
bulge, and a lower metal content within the
infalling gas.
5.3. UGC 06968 and Malin 1
UGC 06968 and Malin 1 are remarkable
for being two of the largest and most massive
of the LSB galaxies studied. They are the
only two LSB galaxies studied with MB <
−21 (the usual cut-off for classifying an LSB
galaxy as a massive system – see, e.g. Picker-
ing, et.al 1997). Additionally, they are two of
only four galaxies with MHI > 10
10 M⊙
and WHI20cor > 550 km s
−1. As it appears
that only the massive LSB galaxies have de-
tectable quantities of CO, it is worthwhile to
ask the question of why, when CO was readily
detected in the other three massive LSB sys-
tems, no molecular gas has been seen in either
UGC 06968 or Malin 1.
Because of its distance (vHEL = 24733
14
km s−1), the upper limits placed on Ma-
lin 1’s absolute CO flux measurement are
not exceptionally low – MH2 < 10
9.4 M⊙ and
MH2/MHI < 0.06. Regardless, when com-
pared with the H2 masses found for other HSB
and LSB galaxies of similar mass, Malin 1’s
upper limits indicate it has a molecular gas
content below that found for all other galaxies
of its size, mass, or magnitude. Additionally,
Malin 1 has a surprisingly low value for LFIR
as measured by the IRAS upper limits (Ta-
ble 2). Braine, Herpin, & Radford (2000)
state that, based primarily off the low LFIR
values, the gas and dust in Malin 1 is quite
cold, reducing the galaxy’s CO-to-H2 fraction.
From this they conclude that the H2 mass of
Malin 1 is likely near that of similar spiral
galaxies, and it is only the CO gas which is
lacking.
Classified as an AGN/LINER system by
Schombert (1998), UGC 06968 falls well off
the expected range of values for both MH2
and MH2/MHI. Looking at Figures 5 and
6 we can see that the upper limit found
for UGC 06968’s H2 mass is at least ∼10
times less than would be expected, while
the galaxy’s molecular-to-atomic mass ratio
(MH2/MHI) is only 5% that of two LSB galax-
ies with CO detections and similar global
properties. Like Malin 1, which has a similar
morphology and classification, UGC 06968
has a low LFIR limit for its size, indicat-
ing it, too, may contain extremely cold gas
and dust, reducing its CO flux and increas-
ing its H2-to-CO conversion factor. Unlike
Malin 1, though, the upper limits placed on
UGC 06968’s CO flux are low enough that a
low gas temperature alone cannot increase the
galaxy’s H2-to-CO conversion factor enough
to raise MH2 up to the value found for similar
HSB systems. Looking at the various models
of Mihos, Spaans, & McGaugh (1999), the
clearest means of increasing UGC 06968’s H2
mass to the lowest value found for any other
galaxy with similar global properties is by re-
ducing the metallicity of the galaxy’s bulge to
something near 1/5 the solar value. (In the
Mihos, et.al models, the lower metallicities
result in fewer C and O atoms from which to
form CO. This increases the CO-to-H2 con-
version factor in a manner analagous to that
found by, e.g. Wilson 1995, Israel 1997, and
Maloney & Black 1988.) Even if this is done,
though, the MH2/MHI value for UGC 06968
will be half that found for galaxies with sim-
ilar masses and luminosities. A second possi-
bility is that, unlike UGC 01922, the CO gas
within UGC 06968 may not be concentrated
within its core but instead may be spread
throughout the galaxy’s disk. As the disk of
UGC 06968 extends well beyond that of the
IRAM beam, this would imply we observed
only a small fraction of UGC 06968’s total
molecular gas. If this is the case, though,
it still would not explain why UGC 06968’s
molecular gas distribution is so different from
other galaxies with similar morphologies. As
a result, it is more likely that our observations
did include the majority of the molecular gas
within the galaxy, and UGC 06968 is simply
deficient in CO gas.
6. Conclusion
We have obtained seven new, deep CO ob-
servations of LSB galaxies. Combined with
all previous CO observations taken of LSB
systems, we have a total of 34 observations,
in which only 3 galaxies have had detections
of their molecular gas. Looking at the differ-
ences between both the CO and non-CO LSB
galaxies and and a collection of HSB galax-
ies with CO observations indicates it is pri-
marily the lower baryonic density intrinsic to
LSB galaxies which is causing their low CO
fluxes. As has been discussed in previous pa-
pers, this in turn is likely responsible both
for a low CO-to-H2 ratio within the galaxies
and for a lower density of molecular gas within
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LSBs. As a result, it is only those LSB galax-
ies which contain regions of higher baryonic
density, such as the high mass LSB galaxies
with distinct central bulges, in which CO gas
will be readily detectable.
It is interesting to note that two of the
most massive LSB galaxies studied have up-
per limits placed on their CO fluxes well be-
low that of similar LSB and HSB galaxies.
In the case of Malin 1 the difference between
the upper limits placed on the galaxy’ CO gas
can be largely explained through assuming a
very low temperature for the galaxy’s gas and
dust (Braine, Herpin, & Radford 2000). In
the case of UGC 06968, though, temperature
alone cannot be used to explain the galaxy’s
low MH2 and extremely low MH2/MHI val-
ues. Instead we must resort to also assuming
a very low metallicity within the galaxy’s core
and/or a much lower baryonic density even
in the galaxy’s central region than its optical
morphology and AGN/LINER characteristics
suggest.
Even though the majority of observations
taken of LSB galaxies result in only upper lim-
its on the galaxies’ CO flux, we are gradu-
ally gaining a clearer picture of the ISM, and
consequently the SFH of these enigmatic sys-
tems. As the theories and observations are
continued, we should gain a much clearer un-
derstanding of the star formation processes
within the low density environments of LSB
galaxies.
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Fig. 8.— Variation of the molecular-to-atomic
gas fraction along the morphological type se-
quence. The red symbols are the individual
LSB galaxies in this survey, the green sym-
bol is the one LSB galaxy detection from a
previous survey (O’Neil, Hofner, & Schinnerer
2000). The size of the boxes represent the er-
rors associated with our observations. The
black symbols are taken from Casoli, et.al
(1998), and are the mean values taken from
a compendium of 582 CO observations of disk
galaxies. The filled circles show mean values
with upper limits treated as detections, and
open squares give the mean values when up-
per limits are taken into account using a sur-
vival analysis method. The error bars in these
points give the error on the mean. For com-
parison, the blue symbols are the individual
extreme late-type galaxy sample of Matthews
& Gao (2001). Both Malin 1 and UGC 06968,
the two massive LSB galaxies discussed in Sec-
tion 5.3, are labelled on these plots.
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